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ABSTRACT: The properties of natural lipid bilayers are vital to
the regulation of many membrane proteins. Scaffolded nano-
discs provide an in vitro lipid bilayer platform to host membrane
proteins in an environment that approximates native lipid
bilayers. However, the properties of scaffold-enclosed bilayers
may depart significantly from those of bulk cellular membranes.
Therefore, to improve the usefulness of nanodiscs it is essential
to understand the properties of lipids restricted by scaffolds. We
used computational molecular dynamics and modeling ap-
proaches to understand the effects of nanodisc size, scaffold
type (DNA or protein), and hydrophobic modification of DNA
scaffolds on bilayer stability and degree to which the properties
of enclosed bilayers approximate bulk bilayers. With respect to achieving bulk bilayer behavior, we found that charge
neutralization of DNA scaffolds was more important than the total hydrophobic content of their modifications: bilayer
properties were better for scaffolds having a large number of short alkyl chains than those having fewer long alkyl chains.
Further, complete charge neutralization of DNA scaffolds enabled better lipid binding, and more stable bilayers, as shown by
steered molecular dynamics simulations that measured the force required to dislodge scaffolds from lipid bilayer patches.
Considered together, our simulations provide a guide to the design of DNA-scaffolded nanodiscs suitable for studying
membrane proteins.
KEYWORDS: nanodiscs, lipid−DNA interaction, lipid−protein interaction, membrane scaffolds, computational design,
molecular dynamics, DNA origami

Membrane proteins govern many processes vital to
biological function, such as cellular communication
and transport across the membrane.1 Membrane

proteins are an enormously important class of proteins, yet they
are poorly understood because it is difficult to study them in
their native environment. Nanodiscs are water-soluble lipid
bilayer patches secured by amphipathic scaffolds (containing
both hydrophobic and hydrophilic functional groups), which
can serve as a platform to host membrane proteins. Nanodisc
scaffolds are necessary to secure and stabilize lipid bilayer
patches in an aqueous solution: the scaffold provides a stable belt
around the membrane proteins and lipids, makes the whole
assembly soluble, and its length determines the size of the disc.
In vitro nanodisc platforms are useful for studying isolated
membrane proteins, in a native lipid environment. In many
cases, this may be advantageous over an in vivo environment, e.g.,
because isolated proteins can be studied without the crowding
effects of other proteins.
When using nanodiscs, a variety of experimental method-

ologies can be employed to understand a range of structural and
functional properties of membrane proteins.2,3 Some studies

suggest that lipid bilayers, and their resulting properties, act as
“allosteric” regulators of membrane protein function.4 For
example, catalytic,5 transport,6 and thermosensation7,8 proper-
ties of membrane proteins are affected by lipid types and their
dynamics.9 Some simple properties such as bilayer thickness and
lipid order parameter are known to affect membrane proteins.4

In general, the lipid order parameter describes the conforma-
tional arrangement of acyl chain atoms (C−C, C−H)10,11 or
acyl chain coarse-grained beads12 with respect to the lipid bilayer
normal. Lipid bilayer composition is known to affect the lipid
order parameter, which can in turn influence membrane protein
properties. For example, the kinetics of metarhodopsin
formation are known to be dependent on cholesterol-induced
lipid ordering.13 While nanodiscs provide a lipid environment,
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the boundary condition defined by the scaffold may create a
variety of unnatural artifacts. Thus, it is important to understand
how the scaffold and its associated features (such as the size or
chemistry) affect lipid properties, behavior, and eventual
downstream allosteric protein regulation.
Protein14 scaffolds for nanodiscs have been used since 2002,

and their utility has increased as more versatile versions have
been developed. A review by Pourmousa and Pastor15 explores
developments in the structure and modeling of protein scaffold
nanodiscs. In general, full-length linear protein scaffolds are
highly dynamic; truncated versions have been developed to help
to reduce fluctuations near terminal domains.15 Alternatively,
when covalently circularized protein scaffolds are used, more
thermally stable nanodiscs of more consistent diameter are
formed.16 In addition to protein scaffolds, polymer,17 DNA,18

and hybrid DNA−protein19 scaffolds have also been used to
assemble lipid bilayer nanodiscs. DNA scaffolds have further
been used to pattern lipids into spherical liposomes or tubular
forms,20,21 to introduce curvature22 at the membrane surface,
and to create geometric arrangements of small protein
nanodiscs.23 Nanodiscs are available in a range of diameters,
from 6.3 nm2,24 to 70 nm.19 Larger nanodiscs might be expected
to have membrane properties that are more representative of
natural bulk membranes, but because they are expensive and
difficult to make, the choice of nanodisc in any given laboratory
experiment is typically driven by the size of the transmembrane
domain of the protein being studied. Here, one of the
hypotheses we wish to investigate is that larger nanodiscs may
have better properties. Because the largest experimentally
reported nanodiscs have featured DNA−protein hybrids,19

and because techniques used to create small nanodiscs from
DNA-only scaffolds18 might be extended to larger sizes, we
decided to explore a range of nanodiscs based on protein, DNA,
or hybrid protein/DNA scaffolds.
Many different nanodisc scaffold types share a common

feature: the presence of an inner belt of hydrophobic residues
that helps establish favorable interactions with lipid acyl tails. In
general, amphipathic protein scaffolds contain inner-facing
hydrophobic amino acid side chains. For DNA-based constructs,
alkyl,18,25 cholesterol,26 or porphyrin27 modifications have been
used to create hydrophobicity on their surface. Based on their
pKa, the chemical moieties in the vicinity of hydrophobic
residues are either charged or neutral. These differing chemical
moieties help explain why nanodiscs enclosed by different types
of scaffolds can yield bilayers with membrane properties that
depart from those of a scaffold-free bilayer (bulk membrane).
Because lipid properties are known to be allosteric modulators of
many membrane proteins,4 it is essential to know how scaffold
size, chemical character, and distribution of hydrophobic
residues affect the properties of a nanodisc’s bilayer. Such
knowledge can inform the design of nanodisc scaffolds: an ideal
scaffold would yield nanodiscs with properties similar to that of
bulk membrane, and with high stability, so that they can be
readily synthesized and studied in the laboratory. For DNA
scaffold nanodiscs, we wished to understand whether simple
total hydrophobic content was a good predictor of scaffold
performance or whether charge neutralization of the DNA
backbone was also important.
Computational molecular dynamics (MD) simulation

approaches at all-atom28−33 and coarse-grained (CG) reso-
lutions28,31 are powerful tools for understanding complex
systems such as nanodiscs at the molecular level, when this
level of detail is either difficult or impossible to achieve via

laboratory experiments. For example, while some experimental
crystal and solution structural data for scaffold proteins such as
apolipoprotein A-1 (APOA1)34−36 exist, the dynamic nature of
APOA1 helices15 makes it difficult to experimentally resolve
important structural features. In the case of DNA-scaffolded
nanodiscs, no high-resolution structures exist. One experimental
study18 of 15 nm double-stranded DNA (dsDNA)-scaffolded
nanodiscs includes CG MD simulations, but simulated nano-
discs featured a different hydrophobic modification (dodecyl
groups) than those of experimental nanodiscs (ethyl, butyl, and
decyl groups), and the membrane properties were not analyzed.
Thus, to date, the detailed properties of DNA-scaffolded
nanodiscs have not been studied with CG MD nor compared
with similar protein-scaffolded nanodiscs.
Here, we report our study of lipid bilayer membranes

reconstituted with proteins-, DNA-, and hybrid DNA−
protein-based scaffolds. To understand the properties and
stability of lipid bilayers reconstituted with different scaffolds, we
performed MARTINI37-based CG-level MD simulations on
reported experimental scaffold designs.16,18,19 We chose CG-
level MD because it allows protein/lipid38 or DNA/lipid18,39

interactions to be studied over longer time scales. This is an
approach that we have found useful in previous studies,39,40

where it gave insights regarding the stability of hydrophobically
modified DNA nanopores in a surrounding lipid bilayer. In the
current study, we compare phospholipid bilayers surrounded by
a variety of DNA and protein scaffolds and report the effects of
(a) nanodisc size, (b) scaffold type, (c) hydrophobic
modifications, and (d) scaffold charge density on the properties
and stability of the enclosed lipid bilayers. We performed
simulations on time scales up to microseconds, with system sizes
varying from ca. 31 000 to 4.2 million particles depending on
nanodisc diameter. We measured the bilayer thickness and lipid
order parameter of simulated nanodisc lipid bilayers and
determined which scaffold chemistries and diameters gave
bilayer properties most similar to that of bulk membranes. Some
nanodiscs were stable over the course of the entire CG MD
simulation. For some scaffold designs, bilayers partially or
completely spontaneously dislocated from their scaffolds; we
hypothesize that the degree of stability in CG MD may
correspond to the yield of experimental nanodiscs. For CGMD-
stable nanodiscs, we used steered molecular dynamics (SMD)
simulations to measure the maximum force required to separate
the supporting scaffolds from the lipidmembrane patches, which
we hypothesize could be used as a second surrogate for nanodisc
stability. Overall, our simulations allowed us to evaluate a variety
of designs inspired by existing experiments and to suggest
experimentally achievable improvements for DNA scaffold
designs.

RESULTS AND DISCUSSION
Below we organize our study of two membrane properties
(thickness and order parameter) based on the size of nanodiscs,
exploring scaffolds of increasing diameter, from 11 to 45 nm. For
most cases, bilayers were built with palmitoyl-oleoyl-phospho-
choline (POPC) since it is widely used both for experimental
protein nanodiscs and for CG simulations of membranes; for a
couple control simulations, dilauroyl phosphocholine (DLPC)
was used. The lipid loading (the number of lipids added in each
case) was based on the area defined by the inner diameter of the
scaffold. Typically, lipids were added to achieve a standard area
per lipid (APL) of 0.683 nm2 for POPC and a standard APL of
0.641 nm2 for DLPC. To examine the effects of lipid loading, we
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performed some control simulations where the number of lipids
was increased or decreased up to 20% relative to that calculated
using standard APLs. We explain how and why we chose each
model and its relationship to the experimental literature and
propose scaffold designs that might be better. Membrane
stability is treated at the end in its own section; because of the
computational costs of SMD, we consider stability only for 11
nm nanodiscs. Model building for all the scaffolds is described in
Supplementary Methods (Model Building). DNA scaffold
models (without lipid bilayers) showing hydrophobic alkyl
modifications are presented in Figure 1. In all figures, CG water
and CG ions are hidden for clarity. Table 1 summarizes details
for all simulations.

11 nm Protein- and DNA-Scaffolded Nanodiscs.
Covalently circularized protein scaffold-based nanodiscs have
been reported experimentally,16 and these nanodiscs were found
to be 5 °C more thermally stable than their open, linearized
forms in melting experiments. Thus, we first compared an 11 nm
diameter nanodisc scaffolded by a covalently circularized protein
(circNW11, Figure 2A; NW stands for nanodisc width), to a
nanodisc scaffolded by its linearized form (NW11; Supple-
mentary Figure S2A) and found that our methods (at CG

resolution) could not distinguish between them with respect to
membrane properties.
More interesting were simulations comparing circNW11 to a

pair of nanodiscs scaffolded by closed dsDNA rings, which
captured both potential differences between protein and DNA
scaffolds and the potential importance of charge neutralization
relative to total hydrophobic content. Experimentally reported
dsDNA scaffolds18 were ca. 15 nm in diameter and were
modified with either ethyl (2 carbon), butyl (4 carbon), or decyl
(10 carbon) chains. Among these different scaffold designs, the
decyl-modified scaffold was the most hydrophobic, and so we
expected it to have the best lipid binding; thus for our first
dsDNA ring model we used a decyl-modified design. Later we
present a model that better approximates the experimental 15
nm dsDNA ring; however here, to enable more direct
comparison with circNW11, we modeled an 11 nm dsDNA
ring (dec_select-DNA11, Figure 2B) having almost the same
density of hydrophobic groups as the 15 nm ring, with 4 decyl
groups per 21 nucleotides of scaffold, for a total of 20
modifications and a total hydrophobic content of 200 carbon
atoms.
This selectively decylated model, dec_select-DNA11, has DNA

backbone phosphates that are neutral at the site of decyl
modifications; the rest of the DNA backbone phosphate groups
remain negatively charged and a large number of these
phosphates (ca. 65 sites) face inward toward the bilayer (ca.
13 remnant charges per 21 nucleotide base pairs of scaffold). We
knew from our previous MD studies39 that DNA nanopore−
lipid wetting (immediate membrane thickness around the DNA
pore) is related to the length of the completely neutral
hydrophobic belt along the pore (with zero charged sites),
which in those simulations was implemented by shorter ethyl
modifications. We thus decided to construct a model having
similar (slightly lower) hydrophobic content but with complete
charge neutralization, having inward-facing zero charged
backbone sites: the “fully ethylated” et_all-DNA11 (Figure
2C), which has a total of 85 modifications and a total
hydrophobic content of 170 carbon atoms, providing a complete
neutral and hydrophobic inner belt that is ca. 2 nm thick.
Membrane properties for simulated POPC-filled nanodiscs

based on the scaffolds circNW11, dec_select-DNA11, and et_all-
DNA11 were compared to each other and to the properties of
simulated bulk POPCmembrane as a reference (Supplementary
Figure S4); each case was simulated for 1 μs and repeated four
times. We first examined membrane thickness (Figure 3A and
Supplementary Methods, Analyses), where, for each grid box,
thickness was calculated as the distance between the density
peaks of lipid phosphate head groups binned along the z
direction (perpendicular to the xy plane of the nanodisc). The
colormap was chosen arbitrarily to highlight features of lipid
thickness, as a function of radial distance from the center, and
relative to the simulated bulk thickness. For example, bulk
thickness is ca. 3.8 nm (in good agreement with experiments41,42

and CGMartini models43), and we colored 4 nm thickness cyan,
so that thicknesses close to the bulk thickness are easily
recognized.
We make some observations that hold in all cases. First, the

bilayer proximal (within 1 nm along a radius) to the DNA or
protein scaffold is significantly thinned (<1 nm thick); here lipid
head groups can make idiosyncratic and persistent contacts with
features of the scaffold, as is apparent for head groups binding in
the major groove of the DNA scaffolds (zoom-ins Figure 2B,C).
Moving closer to the center, there is a smooth increase in

Figure 1. Hydrophobic modifications on DNA scaffolds. Hydro-
phobic alkyl modifications on DNA scaffolds shown for (A) 11 nm
nanodiscs: selectively decylated dec_select-DNA11 with 20 decyl
chains (left) and fully ethylated et_all-DNA11 with 85 ethyl chains
(right), (B) dec_select-DNA15 with 26 decyl chains (left) and et_all-
DNA15 case with 119 ethyl chains (right), and (C) et_all-hexDNA45
case with 360 ethyl modifications. In all cases top views and cross
sections are shown. DNA, blue surface; decyl in A, B/ethyl in A, B,
C, red beads.
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Table 1. Summary of All the MD Simulations Conducted in This Studya

simulation hydrophobic group
duration (repeats

× time)
internal diameter in nm (number of lipids calculated to

f it in internal area), lipids actually inserted
relative remarks and properties
compared to bulk POPCc

ca. 11 nm Nanodiscs

circNW11 (Figure 2A) amino acidsb 4 × 1 μs 8.9 (92), 91 membrane stable; lipid
properties poor−10%circNW11 (Supplementary

Figure S5A)
2 × 1 μs 8.9 (92), 82

+10%circNW11 (Supplementary
Figure S7A)

2 × 1 μs 8.9 (92), 100

NW11 (Supplementary Figure
S2A)

amino acidsb 4 × 1 μs 8.9 (92), 91 membrane stable; lipid
properties poor

dec_select-DNA11 (Figure 2B) decyl (select residuesb) 4 × 1 μs 8.9 (92), 91 membrane stable; lipid
properties poor

−10%dec_select-DNA11

(Supplementary Figure S5B)
2 × 1 μs 8.9 (92), 82 membrane stable; lipid

properties poor
+10%dec_select-DNA11

(Supplementary Figure S7B)
2 × 1 μs 8.9 (92), 100 membrane not stable

et_all-DNA11 (Figure 2C) ethyl (all inner residues) 4 × 1 μs 8.9 (92), 91 membrane stable; lipid
properties poor−10%et_all-DNA11

(Supplementary Figure S5C)
2 × 1 μs 8.9 (92), 82

+10%et_all-DNA11

(Supplementary Figure S7C)
2 × 1 μs 8.9 (92), 100

ca. 15 nm Nanodiscs

dec_select-DNA15 (Figure 4A) decyl (select residuesb) 4 × 1 μs 13.1 (197), 197 membrane stable; lipid
properties poor

et_all-DNA15 (Figure 4B) ethyl (all inner residues on
both DNA strands)

4 × 1 μs 13.1 (197), 195 membrane stable; lipid
properties better

et_ss-DNA15 (Supplementary
Figure S9)

ethyl (all inner residues on
one of two DNA strands)

2 × 1 μs 13.1 (197), 198 membrane not stable

et_select-DNA15
(Supplementary Figure S9)

ethyl (select residuesb) 2 × 1 μs 13.1 (197), 199 membrane not stable

−10%et_select-DNA15

(Supplementary Figure S10)
2 × 1 μs 13.1 (197), 178

−20%et_select-DNA15

(Supplementary Figure S10)
2 × 1 μs 13.1 (197), 160

+10%et_select-DNA15

(Supplementary Figure S10)
2 × 1 μs 13.1 (197), 220

+20%et_select-DNA15

(Supplementary Figure S10)
2 × 1 μs 13.1 (197), 239

ca. 45 nm Nanodiscs

et_all-hexDNA45 (Figure 6A) ethyl (all inner residues) 1 × 1 μs 43.3 (2157), 2155 membrane stable; lipid
properties good

hexDNA::NW11 (Figure 6B) amino acidsb 1 × 1 μs 38.6 (1714), 1723 membrane stable; lipid
properties good

hexDNA:NW11 (Figure 6C) amino acidsb 1 × 0.5 μs 38.6 (1714), 1723 membrane stable; lipid
properties good

et_all-DNA45 (Supplementary
Figure S12)

ethyl (all inner residues) 1 × 1 μs 43.2 (2146), 2149 membrane stable

Steered MD

SMD-circNW11 (Figure 8) amino acidsb 10 nm μs−1; 4 ×
1 μs

8.9 (92), 91 highest maximum forced

SMD-dec_select-DNA11 (Figure
8)

decyl (select residuesb) 10 nm μs−1; 3 × 1
μs,1 × 0.6 μs

8.9 (92), 91 lowest maximum forced

−10%SMD-dec_select-DNA11

(Supplementary Figure S13)
10 nm μs−1; 2 ×
0.8 μs,

8.9 (92), 82 maximum force reduced

SMD-et_all-DNA11 (Figure 8) ethyl (all inner residues) 10 nm μs−1; 4 ×
1 μs

8.9 (92), 91 high maximum forced

−10%SMD-et_all-DNA11

(Supplementary Figure S13)
10 nm μs−1; 2 ×
0.8 μs,

8.9 (92), 82 maximum force is high

+10%SMD-et_all-DNA11

(Supplementary Figure S13)
10 nm μs−1; 2 ×
0.8 μs,

8.9 (92), 100 maximum force increased

Other cases

POPC bilayer (bulk) N.A. 4 × 1 μs N.A. (N.A.), 576 represents bulk bilayer case

dec_select-DNA15[DLPC]
(Supplementary Figure S11)

decyl (select residuesb) 4 × 1 μs 13.1 (211), 214 membrane stable

et_all-DNA15[DLPC]
(Supplementary Figure S11)

ethyl (all inner residues) 4 × 1 μs 13.1 (211), 213 membrane stable

aPOPC lipid was used in all the cases, except where a different lipid is explicitly mentioned (e.g., [DLPC]). Note that for et_all-hexDNA45, 45 nm
refers to an approximate diameter of the innermost dsDNA helix in a six-helix bundle arrangement (Supplementary Methods and Figure 1C). For
abbreviations see text. Unless otherwise stated, the number of lipids added per layer is equal to the scaffold area (from the internal diameter of the
scaffold) divided by an area per lipid (APL) of 0.683 nm2 for POPC and 0.641 nm2 for DLPC. Labels ±10% or ±20% indicate an introduction of
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membrane thickness, and the bulk thickness (aquamarine/cyan)
is reached within 2−3 nm of the nanodisc edge. This is followed
by an overshoot of membrane thickness (dark blue) above that
of the bulk bilayer and a recovery to a value closer to (but not
quite) bulk thickness in the center of the membrane. Similar

membrane thinning at nanodisc edges and membrane
thickening toward nanodisc centers have been observed in
previously reported MD simulations.30,31 For all cases, most of
the bilayer area does not have a thickness that is similar to that of
the bulk POPC bilayer, but the most frequently observed
thickness (peak of the histogram) is a thickness that is within 0.6
nm of the bulk bilayer thickness.
With respect to specific cases and comparisons, the thickness

(at the histogram peak) for our protein nanodisc circNW11(4.25
nm) is close (within 8%) but does not quite match the thickness
(4.6 nm) observed for similarly sized protein/POPC nanodiscs
in SAXS experiments.44 With respect to matching the thickness
of bulk POPC (3.8 nm), the fully ethylated et_all-DNA11 is best
(4.1 nm peak thickness), followed by the protein circNW11(4.25

Table 1. continued

10% or 20% more or less lipids relative to that calculated using standard APL. bOur choice of hydrophobic residues and their positions on the
scaffold were based on reported experimental designs. cBulk refers here to the pure POPC bilayer case with no scaffold (Supplementary Figure S4).
Lipid bilayer membrane properties refer to observed membrane thickness and lipid order parameter. “Poor” refers to nanodisc lipid properties far
from bulk properties. Better/good refers to nanodisc lipid properties closer to bulk properties. dComparing the cases where lipid content (number
lipids) is the same.

Figure 2. Simulation of 11 nm scaffolds with POPCbilayers. (A) Left
panel: Top and side views of circNW11 showing a protein double-
belt scaffold (pink, cyan) securing a patch of POPC lipid bilayer. (B)
Left panel: Top and side views of the selectively decylated dec_select-
DNA11 case showing a dsDNA scaffold (blue surface), modified with
decyl chains (red beads). (C) Left panel: Top and side views of fully
ethylated et_all-DNA11 showing a dsDNA scaffold (blue surface),
modified with ethyl chains (red beads). Center panels (A, B, and C):
Top cross sections show lipid−DNA/protein scaffold interaction in
a single simulation frame; bottom cross sections show lipid
phosphate head groups only (orange dots), for a superposition of
over a thousand frames extracted from equilibrated trajectory. Right
panels (A, B, and C): Zoomed-in cross section of lipids in immediate
contact with protein/DNA scaffold (hidden). For DNA scaffolds
binding modes of lipids in the major groove are also shown. See
Supplementary Figure S3 for number density distribution of lipid
head groups around the DNA backbone. Here, POPC lipid tails are
represented with white stick models and phosphate head groups as
orange spheres. Snapshots are final configurations obtained at 1 μs.

Figure 3. Lipid properties of 11 nm nanodiscs from Figure 2. Top:
Normalized histograms (50 bins) of bilayer thickness (A) and order
parameter (B) allow comparison of nanodisc membrane properties
to those of bulk POPC bilayer, indicated by a gray bar with a black
pointer (3.8 nm thickness in A; 0.372 order parameter in B,
Supplementary Figure S4). Bottom: xy heat map grid plots for
POPC bilayer thickness (A) and lipid order parameter (B). For
bilayer thickness, grid boxes were 0.4 × 0.4 nm2; for order
parameter, 1 × 1 nm2). Thickness and order parameter were
calculated as described in the text. For both properties, an average
over four repeats of each simulation is presented.
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nm), followed by the selectively decylated dec_select-DNA11 (4.5
nm). Gross morphology supports the idea that dec_select-DNA11
is less similar to bulk POPC and perhaps less stable. In contrast
to circNW11 (Figure 2A) and ethylated et_all-DNA11 (Figure
2C), which show relatively flat bilayers that are symmetrically
oriented relative to their scaffolds, the bilayer of dec_select-
DNA11 (Figure 2B) has a rounded, lenticular shape, and its plane
is slightly tilted relative to that of the scaffold, indicating partial
dislocation.
Calculations of the order parameter show trends similar to

thickness (Figure 3B and Supplementary Methods, Analyses).
The second-rank order parameter was calculated using the
relation P2 = 0.5(3 cos2 ⟨θ⟩ − 1), where θ is the angle between
the lipid bilayer normal and the bond direction (coarse-grained
bead−bead bond). P2 = 1 indicates perfect alignment of the
bond with the bilayer normal, P2 = −0.5 would mean anti-
alignment perpendicular to the normal, and P2 = 0 corresponds
to a random state. The nanodisc formed by et_all-DNA11 has an
order parameter (0.4 at the histogram peak) closest to that of the
bulk POPC (ca. 0.372). Bilayer order parameters for circNW11
(0.41) and dec_select-DNA11 (0.43) were both significantly
higher. In all cases, lipids were still much less ordered than the
bulkmembrane (<0.25) at significant distances from the scaffold
(up to 3 nm), suggesting that proteins in these nanodiscs would
not experience a native environment near the scaffold.
Our simulations of nanodiscs and the observed bilayer

properties depend on the assumption that we have chosen an
appropriate lipid loading; that is, we have put an appropriate
number of lipids into each nanodisc, as a function of its size and
type. Ideally one would use a number of lipids drawn from an
experimental measurement; here we calculate lipid number
using an APL for POPC that is consistent with SAXS
measurements of protein-scaffolded nanodiscs.44 This number
may not be appropriate for DNA-scaffolded nanodiscs, but for
them data are unavailable. In principle, APLs, or direct numbers
of lipids, could be derived from simulations of a nanodisc
assembly, starting from empty scaffolds and dissociated lipids.
However, such simulations are computationally very expensive,
requiring many repeats and many microseconds of simulation
time for even small nanodiscs. Even after several microseconds
the scaffold-bilayer assembly may not be complete,28 and thus
here we opt to study the effects of lipid over- or underloading by
simulating 11 nm nanodisc systems for which the number of
enclosed lipids was increased or decreased by 10% compared to
that given by our standard APL (Supplementary Figures S5 and
S7). In general, we noticed that reducing the lipids by 10%
preserved the previously observed qualitative bilayer properties,
but that lipid properties were all slightly closer to that of the bulk
bilayer (−10%circNW11,

−10%dec_select-DNA11,
−10%et_al-DNA11,

Supplementary Figure S6) with −10%et_all-DNA11 exhibiting
properties nearly that of the bulk bilayer. Increasing the lipids by
10% slightly worsens the membrane properties for
+10%circNW11, and

+10%et_all-DNA11 (Supplementary Figure
S8), but both nanodiscs remained stable. In the case of
+10%dec_select-DNA11 the bilayer was not stable, it dislodged
from the scaffold (Supplementary Figure S7B), and thus
membrane properties were not measured, providing a second
piece of evidence that charge neutrality, rather than total
hydrophobic content, results in better DNA-scaffolded nano-
discs.
We note that determining the best lipid loading for a

simulation is, in general, difficult. For example, from the point of
view of predicting experimental nanodisc structure,

+10%circNW11’s maximum thickness of 4.5 nm matched an
experimentally reported nanodisc thickness of 4.6 nm44 better
than did simulations at standard or−10% lipid loading.We note,
however, that the very same experimental data (APL) were used
to derive the standard lipid loading for POPC. If this discrepancy
were systematic and extended to DNA scaffolds, we might
expect that all of our thicknesses at standard APL-based lipid
loading are slight underestimates for what might be expected in
experiments. But a priori there is no reason to believe that results
calibrated or adjusted to match those of protein nanodiscs will
generalize perfectly to DNA-scaffolded nanodiscs; ideally
experiments on DNA-scaffolded nanodiscs would be used to
calibrate DNA-scaffolded nanodisc simulations. Neither can the
degree to which simulations match bulk character be used as a
perfect guide. While decreasing lipid loading by 10% does
slightly improve membrane properties relative to bulk POPC,
we will show later that by SMD (Supplementary Figure S13)
such a decreased loadingmay sometimes decrease the stability of
lipid-scaffold interactions in the case of DNA nanodiscs. In real
experiments, it may be that the nanodiscs that are observed are
simply the more stable ones, and thus they might have higher
lipid loadings and worse membrane properties, on average.
Overall, we believe that simulations are best used to generate or
test hypotheses regarding trends in lipid properties rather than
making high-precision quantitative predictions. For this
purpose, given that it is derived from protein-scaffolded
nanodisc experiments and gives a membrane thickness within
8% of that observed in those experiments, our standard APL is a
reasonable lipid loading for our simulations.
Our simulations so far highlight two conclusions. First,

suitably modified DNA scaffolds (i.e., et_all-DNA11) can
potentially provide a more native lipid environment (with
better properties) than a common protein scaffold (circNW11).
Second, for small nanodiscs, a scaffold with slightly lower total
hydrophobic content and total charge neutralization (et_all-
DNA11) can provide a significantly more native and potentially
more stable bilayer than can a scaffold that has greater
hydrophobic content but significant remnant backbone charge
(dec_select-DNA11). We remark that only the central <2 nm
diameter region (about 4% of the total area) of the nanodisc
scaffold by et_all-DNA11 has properties closely matching that of
bulk POPC.

15 nmDNA-ScaffoldedNanodiscs.To study the effects of
DNA scaffold size, while maintaining similar chemical proper-
ties, we extended our simulations to dsDNA ring scaffolds 15 nm
in diameter, which are more directly comparable to recently
reported experimental dsDNA scaffold designs.18 Wemodeled a
15 nm dsDNA ring with decyl modifications of approximately 4
decyl per 21 nucleotides (dec_select-DNA15; with 26 × 10 = 260
carbon atoms, Figure 4A) and another fully ethylated 15 nm
dsDNA ring with a completely neutral inner belt (et_all-DNA15;
119 × 2 = 238 carbon atoms, Figure 4B). Results were broadly
similar to those for analogous 11 nm nanodiscs: significant
bilayer thinning was observed near the scaffold, and bilayer
thickness increased until it overshot (significantly in decylated
case) that of bulk POPC thickness. Significant lipid disordering
was again observed up to 3 nm from the scaffold. The selectively
decylated scaffold again exhibited mild dislocation from the
bilayer. The fully ethylated scaffold again had much better lipid
properties, with essentially bulk bilayer properties (both for
thickness and lipid order) within a 4 nm diameter region at its
center (about 9% of the total area). In contrast, the selectively
decylated scaffold achieved bulk-like bilayer properties only in a
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region <1 nm diameter in its center (<1% of the total area). We
observe that thickness profiles and lipid ordering for both
dec_select-DNA15 and et_all-DNA15 are quite similar near the
scaffold, and yet the behavior many nanometers away from the
scaffold is still distinct. This suggests that the nature of the
scaffold (charge and hydrophobicity) can have indirect, long-
range effects on lipid properties.
No fully ethylated scaffolds have been reported, but selectively

ethylated scaffolds with low modification density have been
reported18 and found to form nanodiscs in lower yields than an
experimental scaffold corresponding to dec_select-DNA15. We
decided to explore the properties of two additional 15 nm
ethylated scaffolds that were less than fully ethylated: very low
hydrophobicity/high residual backbone charge et_select-DNA15,
with approximately 2 ethyl per 21 nucleotides (14 × 2 = 28
carbon atoms, Supplementary Figure S9A, left), corresponding
to the low-yield experimental design;18 and intermediate
hydrophobicity/intermediate residual backbone charge et_ss-
DNA15 (60× 2 = 120 carbon atoms, Supplementary Figure S9A,
right; where “ss” single strand indicates that only one of the two
strands of the helix bears modifications). Neither scaffold
produced stable nanodiscs; by the end of the simulation
et_select-DNA15 was almost fully dislocated from the nanodisc
(Supplementary Figure S9B, left) and et_ss-DNA15 was
significantly tilted relative to the nanodisc (Supplementary
Figure S9B, right). We asked whether et_select-DNA15 might be
stable for an alternative lipid loading, testing ±10% and ±20%
added lipids relative to the standard APL. In all these cases, the
bilayer completely dislodged from the scaffold (Supplementary

Figure S10) in at least one of two simulation repeats. Thus, no
variation in loading could completely overcome the loss of
hydrophobicity and increased negative charge of et_select-
DNA15. We hypothesize that the instability of et_select-DNA15
scaffolded nanodiscs, which we find via simulation, corresponds
to the low yield of such nanodiscs via experiment;18 this
correspondence, together with the relatively higher in silico and
in vitro stabilities of dec_select-DNA15 nanodiscs, highlights that
our simulations recapitulate the overall experimental trends.
However, the fact that at least some nanodiscs based on et_select-
DNA15 could be observed by SEM suggests that there is some
aspect of the experiments that our simulations do not capture.
For example, we did not model either Mg2+ ions or two different
lipid types, which were also added to the majority ions and lipids
in the experiments. Perhaps the relatively high concentration of
Mg2+ ions stabilized these nanodiscs by screening scaffold
charge; our CG ions do not model the specific and idiosyncratic
effects of divalent cations such as Mg2+.45,46 Overall, our
simulations and models highlight the importance of full
hydrophobic modification and charge neutralization for
scaffolds with shorter hydrophobic moieties such as ethyl
groups.
For experimentally reported 15 nm selectively decylated

DNA-scaffolded nanodiscs,18 short-chain (14 carbon) dimyr-
istoyl phosphocholine (DMPC) lipids were used rather than the
longer chain (16/18 carbon) POPC lipids we used in most of
our simulations. To briefly address this discrepancy with our
simulations, we asked simply whether the difference in
membrane thickness between selectively decylated and fully
ethylated scaffolds would extend to bilayers made of short-chain
lipids. CG MARTINI does not have a good model for DMPC,
but a good MARTINI model for the even shorter chain DLPC

Figure 4. Simulation of 15 nm scaffolds with POPC bilayers. Left
panel: Top and side views of final configurations (at 1 μs) for lipid
bilayers held by 15 nm dsDNA nanodiscs (A) selectively decylated
dec_select-DNA15 and (B) fully ethylated et_all-DNA15. Color
scheme and middle panels as in Figure 2. See Supplementary
Figure S3 for number density distribution of lipid head groups
around the DNA backbone.

Figure 5. Lipid properties of 15 nm nanodiscs. Normalized
histograms of bilayer thickness (A) and order parameter (B) for
selectively decylated dec_select-DNA15 and fully ethylated et_all-
DNA15 are presented at the top. Heat map grid plots are presented at
the bottom. All calculations were as in Figure 3.
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(12 carbon) was available. Simulations of dec_select-
DNA15[DLPC] and et_all-DNA15[DLPC] scaffolded nanodiscs
(Supplementary Figure S11) show that indeed for shorter chain
lipids selectively decylated scaffolds still caused significant
nanodiscmembrane thickening (3.62 nm vs 3.46 nm thickness at
the peak of the histogram) when compared to fully ethylated
scaffolds, which persists noticeably (albeit diminishingly) all the
way to the nanodisc center.
45 nm DNA-Scaffolded Nanodiscs. Because our fully

ethylated 15 nm scaffold (et_all-DNA15) exhibited better bilayer
properties than our fully ethylated 11 nm scaffold (et_all-
DNA11), we explored still larger fully ethylated scaffolds, starting
with a fully ethylated dsDNA scaffold et_all-DNA45, analogous
to the smaller fully ethylated scaffolds. At the end of a 1 μs
simulation of et_all-DNA45 filled with POPC lipids, we observed
significant bilayer curvature (Supplementary Figure S12), which
conformed to the path traced by the dsDNA scaffold.Membrane
curvature can mediate fascinating interactions with guest
proteins, which can be sorted to different bilayers47,48 via
domains that sense membrane curvature;49 DNA scaffolds of
programmed curvature22 could be simulated, with guest
proteins, to better understand such effects.
Here, however, we are most interested in scaffolds that can

create flat, bulk-like bilayers and soinspired by experiments
that show increased bending stiffness for hexagonal bundles of
dsDNA50we modeled a 45 nm six-helix bundle ring of
hexagonal cross section, with a fully ethylated inner belt (et_all-
hexDNA45, Figure 6A).Within a standardMARTINI CGmodel
for a DNA helix, an intrahelical elastic bond model implements
the standard stiffness of the double helix. Within our model, an
additional interhelical elastic bond network represents the DNA
crossovers, which would constrain the helices in an experimental
six-helix bundle. This model closely resembles experimentally
produced, liposome-capturing, six-helix bundle rings21 that were
folded using the technique of DNA origami51 and thus should be
experimentally feasible to construct. We chose the inner
diameter based on a similarly sized, experimentally validated,19

hybrid DNA−protein scaffold (explained further below), and
only backbone phosphates on the innermost double helix were
modified (Figure 1C).
The whole et_all-hexDNA45 complex, filled with POPC lipids,

was simulated for 1 μs. At the end of the simulation the bilayer
hosted by et_all-hexDNA45 had features similar to previous fully
ethylated designs, with its thickness small at the edges, rising to
and slightly overshooting the thickness of the bulk bilayer
(Figure 7A, bottom). Within a 33 nm diameter central region,
membrane thickness (ranging from 3.5 to 4 nm around the
histogram peak at∼3.8 nm) was very close to bulk (3.8 nm), and
the order parameter (0.33) was, unusually for our simulations,
consistently below that of the bulk (0.37). Thus, unlike the
smaller nanodiscs, the majority of the membrane area (about
60%) is available to provide guest proteins a native-like
membrane thickness and a slightly depressed order parameter.
45 nm Hybrid DNA−Protein Nanodiscs. So far, no large

DNA nanorings have been lipidated to yield flat bilayers; only
templated liposomes have been achieved with such structures.21

The reasons for this are yet unclear: it may be that an appropriate
scaffold has yet to be tried, an appropriate synthetic protocol
simply needs to be found, or both. In the meantime, ca. 45 nm
nanodiscs have been reported experimentally using hybrid
DNA/protein scaffolds,19 which we model and study here.
Briefly, small 11 nm protein nanodiscs with a DNA linker were
coupled to large DNA origami corrals (60 or 90 nm outer

diameter) along the inner circumference. Large-diameter
nanodiscs were then obtained by adding detergent/excess
lipid mixture to the DNA corral−protein nanodiscs complexes,
which destabilized the small protein nanodiscs. Next, as the
detergent was dialyzed out, neighboring protein nanodiscs fused
together and grew using the excess lipids. In the end a single
large bilayer remained, encircled and stabilized by a number of
protein scaffolds that centered the bilayer within the DNA corral
via DNA linkers.
An ideal model of the hybrid nanodiscs would take into

account the complex assembly process that makes them;
however the large size of the hybrid nanodiscs makes it difficult
to simulate the fusion process. Further, our MD simulation
boxes deal with a constant number of particles, and so modeling
the detergent removal during dialysis is not possible in a single
simulation; the best attempts at modeling changing detergent
concentrations resort to performing independent simulations at
different lipid:detergent ratios.52 We avoided such complexity
and directly modeled an outer DNA ring (a six-helix bundle
equivalent to a DNA origami corral) linked to an inner protein
ring: four copies of the linearized protein double-belt scaffold
NW11 (for a total of eight proteins) arranged into a ca. 41 nm
diameter ring (Supplementary Figure S1). The protein ring was
filled with POPC lipids and coupled to the DNA six-helix bundle
via four harmonic bond potentials (hexDNA::NW11, where “::”
represents the four harmonic bonds; Figure 6B) instead of DNA
linkers, under the assumption that this choice would have little
effect on membrane properties. The whole complex, 4.2 million
particles, was simulated for 1 μs. We observed the usual behavior
at membrane edges (Figure 7AB, bottom). Within a 29 nm
diameter central region, membrane thickness (∼4 nm) was
slightly above the bulk, and the order parameter was almost the
same as that found for the bulk bilayer (0.37). Again, unlike the
smaller nanodiscs, the majority of the membrane area (about
56%) is available to provide guest proteins a slightly elevated
membrane thickness and a native-like order parameter. With
respect to which has better membrane properties, large DNA-
scaffolded discs or hybrid nanodiscs, we feel that the differences
between them are insignificant and potentially artifactual. The
area enclosed by the scaffolds changes slightly during simulation,
as does lipid wetting of the scaffold, both of which change
effective lipid loading and could have some effect on membrane
properties. More important is the principle that to achieve a
significant area of bulk-like bilayer, much larger nanodiscs
should be used.
In experiments with hybrid nanodiscs,19 binding of a virus to

guest protein receptors in the membrane often appeared to
cause the protein-scaffolded membrane to break free from the
DNA scaffold and tilt out of plane, as visualized in negative stain
TEM (see inset in Figure 6C). The authors suggest this is due to
a change in membrane tension upon viral binding; we think it is
equally plausible that high capillary forces during sample
preparation are simply breaking these 3D structures (where
2D nanodiscs without viruses lying flat on the surface are subject
to lower capillary forces and experience no disruption).
Nevertheless, we were interested in the potential change to
membrane properties when the nanodisc is partially freed from
the scaffold. Thus, from a configuration at the 0.5 μs time step of
a hexDNA::NW11 MD trajectory, we deliberately removed two
harmonic bonds to create hexDNA:NW11 (where “:” represents
two harmonic bonds), mimicking a situation in which the
protein-scaffolded nanodisc lipid patch is held by only two
linkers (Figure 6C). We then simulated hexDNA:NW11 for
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another 0.5 μs. The protein-scaffolded bilayer remained stable
but rotated out of the plane of the DNA six-helix bundle.
Nonetheless, both the membrane thickness and order parameter
(Figure 7) remained similar to those of hexDNA::NW11,
suggesting that while the outer DNA scaffold is necessary for
the formation of the inner protein scaffold, the constraints it
imposes are not necessary for maintenance of membrane
properties.
Membrane Stability of 11 nm Nanodiscs. In order to

form and persist, nanodisc scaffolds must be able to stably bind a
lipid bilayer; further, the yield of nanodisc formation may
depend on bilayer stability within the scaffold. Where CG MD
predicts that nanodiscs created from different scaffolds are all
stable over the time scale of simulation, it is of interest to
determine which scaffold type creates a more stable nanodisc via
other means; thus for CG MD-stable nanodiscs, we employed
SMD to estimate the force required to dislodge a scaffold from a
bilayer patch (Supplementary Methods, SMD Simulations).
Similar SMD techniques have been used to calculate the
maximum force required to insert carbon nanotubes into lipid
bilayers, and calculated forces were found to be of the same
order of magnitude as those observed experimentally.53 This

suggests that the type of SMD we employ may be useful as a
qualitative guide to experiment.
Given the high computational costs, we limited our SMD

studies to small 11 nm nanodiscs. We estimated the maximum
force required to dislodge the scaffold from the lipid bilayer
patch for protein scaffolded circNW11, selectively decylated
dec_select-DNA11, and fully ethylated et_all-DNA11 nanodiscs
(Figure 8). We took an approach similar to one that we have
used previously,39 in which SMD was used to study the force
required to pull ethyl-modified DNA nanopore modifications
out of lipid bilayers. Here, we pulled the center of mass (COM)
of scaffold backbone beads (protein or DNA) away from the
COM of lipid phosphate head groups at a constant rate of 10 nm
μs−1. From four different starting configurations, we performed
four independent 1 μs SMD simulations, for each scaffold type.
To prevent lipids from being pulled along with the scaffolds, we
applied weak positional restraints to the lipid phosphate head
groups. Lipid tails were left free to interact with the scaffolds
without any restraints. In all cases, the peak (maximum) force

Figure 6. Simulation of 45 nm nanodiscs with POPC bilayers. Top
views and cross sections of final configurations (at 1 μs) for (A) a
fully ethylated rigid six-helix ring, et_all-hexDNA45, (B) a six-helix
ring with four linkers to a protein nanodisc, hexDNA::NW11, and
(C) a six-helix ring with two of four linkers, hexDNA:NW11. Zoomed
cross sections show lipid interactions. In C the inner protein
scaffolded disc can dislocate and rotate out of the plane of the DNA
ring. Experimental studies have shown that interaction with a viral
particle can cause the bilayer plane to tilt steeply relative to the DNA
ring (inset adapted with permission from Zhao et al.19 Copyright
2018 ACS J. Am. Chem. Soc.). Gray 10 nm scale bars are for full views
(not the inset). See Supplementary Figure S3 for number density
distribution of lipid head groups around the DNA backbone in the
et_all-hexDNA45 case. Color scheme as in Figure 2 with the addition
that harmonic linker bonds are red lines in B and C.

Figure 7. Lipid properties of ca. 45 nm POPC-filled nanodiscs. (A)
Bilayer thickness and (B) lipid order parameter calculated and
plotted for et_all-hexDNA45 (fully ethylated), hexDNA::NW11, and
hexDNA:NW11 nanodiscs as in Figure 3 (except grid size was 1 × 1
nm2 for both thickness and order parameter calculations).
Normalized histogram distributions are presented at the top; heat
map grid plots are presented at the bottom. Extra noise in the
membrane thickness for hexDNA::NW11 and especially hexD-
NA:NW11, observed as bright yellow and bright blue pixels, is
attributed to some fluctuations in membrane curvature in these
particular nanodiscs, potentially due to the flexibility of the protein
scaffold.
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(Figure 8A and B, “α” stage) required to dislodge the scaffold
from the center of bilayer patch while still remaining in contact
with the lipids was observed at early times. At later times, no
significant change in force was observed, because most of the
scaffold had been dislodged (Figure 8A, “β” stage). We
continued the SMD until there was no interaction (average
pull force was 0, Figure 8A “γ” stage) between the scaffold and
the lipids.
The peak force was highest (1204 ± 91 kJ mol−1 nm−1, 2000

pN) for protein scaffold SMD-circNW11. For the fully ethylated
DNA scaffold (SMD-et_all-DNA11) the maximum force was
slightly lower, 1075± 118 kJ mol−1 nm−1 (1786 pN, Figure 8B),
89% of the peak force for the protein scaffold. The peak force for
the selectively decylated DNA scaffold (SMD-dec_select-
DNA11) was the lowest, at 687 ± 57 kJ mol−1 nm−1 (1141
pN, Figure 8B), only 57% of that observed for SMD-circNW11.
Here, SMD confirms the instability of dec_select-DNA11 which
was hinted at by tilting of the scaffold in CG MD. We attribute
this instability to unfavorable interactions of lipids with the
exposed negatively charged DNA phosphate backbone of the

dec_select-DNA11 scaffold. This result is consistent with our
previous studies39 on DNA nanopore interaction with lipid
membranes, where we observed a drop in maximum force
profiles for nanopores in which negatively charged DNA
backbone sites were exposed to the lipids.
To control for lipid loading, we performed additional SMD

simulations (Supplementary Figure S13) for selected 11 nm
DNA-scaffolded nanodiscs containing ±10% lipid, relative to
the standard APL. For 10% less lipids, the peak force required to
dislodge a scaffold decreased for both −10%et_all-DNA11 (1002
± 49 kJ mol−1 nm−1, 1664 pN, −7%) and −10%dec_select-DNA11
(615 ± 108 kJ mol−1 nm−1, 1021 pN, −10%), but the
relationship between peak forces for fully ethylated and
selectively decylated scaffolds remained roughly the same
(∼60% higher for fully ethylated). In contrast, using 10%
more lipids resulted in an increase in peak force for +10%et_all-
DNA11 (1238± 23 kJ mol−1 nm−1, 2056 pN, +15%); we did not
attempt to measure a peak force for +10%dec_select-DNA11, as we
had already found it unstable in CG MD above.
Overall, our simulations support the idea that SMD may be

able to resolve differences between nanodiscs whose stability is
otherwise difficult to distinguish by CG MD. It remains an
interesting and open question whether peak forces for scaffold
dislocation could be used to predict the yield of experimentally
synthesized nanodiscs or whether differences in peak forces
measured for different lipid loading could translate into
differences in yield for syntheses having different lipid:scaffold
stoichiometries or even a distribution of nanodiscs having
different APL within a single experiment. If yields or
distributions of nanodiscs having different lipid loading could
be accurately measured, then it is possible that the combination
of SMD with the Jarzinski equality could quantitatively predict
these yields or distributions.54−56

CONCLUSIONS
Lipid bilayer properties can have important implications for the
structure and function of the membrane proteins, e.g., bilayer
thickness affects gating properties57 and folding pathways58 of
membrane proteins. For nanodiscs, bilayer properties depend
intimately on details of the scaffold. Here, we have employed CG
MD and SMD to determine what sizes and types of nanodisc
scaffolds best support a stable lipid bilayer with lipid properties
comparable to bulk membranes. A number of principles for
nanodisc scaffold design can be drawn from our simulation
results.
In all our simulations, lipids close to the scaffold had

properties very different from those in the bulk bilayer.
Independent of scaffold type, 11 nm scaffolds had the most
perturbed properties, never achieving bulk bilayer properties
even in the center of the disc. However, in fully ethylated 15 nm
DNA scaffolds, which had a completely neutral hydrophobic
inner belt, we found that bulk bilayer membrane properties were
achieved a few nanometers from the scaffold’s edge. Our results
show that increasing the nanodisc size, from 11 nm to 15 nm
using a fully ethylated scaffold, improves bilayer properties. This
contrasts the case of selectively decylated scaffolds, for which
lipid properties did not improve with an increase in nanodisc
size. Thus, the scaffold size alone does not improve the
membrane properties, but the scaffold type also plays an
important role. For smaller membrane proteins or membrane
protein complexes, we suggest that 15 nm DNA scaffolds with
fully ethylated residues may enable proteins to achieve native-
like function. For larger guest proteins or larger complexes,

Figure 8. Dislodging scaffolds from nanodiscs. (A) Snapshots of
SMD simulations for three different scaffolds (protein SMD-
circNW11, selectively decylated SMD-dec_select-DNA11, and fully
ethylated SMD-et_all-DNA11). The center of mass of the scaffold is
pulled away at a constant rate (10 nm μs−1) from the center of mass
of the lipid bilayer patch. α, β, and γ snapshots correspond to the
labels shown in SMD force profiles in B. For representative initial
configurations at t = 0 see Figure 2. For each case, α shows when
most of the scaffold is first off-center from the lipid bilayer, β shows
when most of the scaffold dislodged, with few lipid interactions, and
finally γ shows when the scaffold is fully detached from the lipid
patch. (B) Pulling-force profiles. In each case four different SMDs
(gray, cyan, red, green) were performed starting from different pre-
equilibrated configurations; thus peak forces vary slightly between
repeats.
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requiring 45 nm nanodiscs, fully ethylated single-helix scaffolds
may prove too floppy, as our simulations indicate that they can
have significant curvature. However, we observe that 45 nm
nanodiscs constructed from six-helix bundles are both rigid and
possess bulk-like properties over the majority of their area. In
general, laboratory experiments use the smallest nanodiscs that
accommodate the protein of interest (for the understandable
reasons of cost and complexity). However, because lipids close
to the scaffold deviate strongly from bulk membrane behavior,
we suggest that “oversizing” a nanodisc relative to the intended
guest protein by at least a few nanometers will give the highest
probability of achieving native-like protein behavior. Examining
the potential importance of this heuristic with simulated and real
guest proteins is an important goal for both future MD and
laboratory experiments.
Larger nanodisc scaffolds are synthetically expensive, but they

have other potentially useful properties besides simply achieving
bulk-like behavior. DNA origami scaffolds are particularly suited
for arranging different numbers and types of proteins within a
membrane to study their protein−protein interactions. This can
be achieved because the hundreds of short “staple strands” that
comprise origami are easily modified with unique linkers that
serve as addressable spots for membrane protein attachment and
subsequent release into the bilayer. Although still hypothetical,
here DNA-only scaffolds have potential advantages over DNA−
protein hybrid scaffolds. In addition to the synthetic complexity
and apparent fragility of the hybrid scaffolds (as shown in the
case of viral interactions), hybrid scaffolds have a large and
variable gap between the outer DNA ring and the edge of the
bilayer, which will require longer linkers for membrane proteins
tethered to the DNA ring, decreasing control and potentially
yield of desired protein arrangements. One programmable
platform for the study of membrane proteins has already been
demonstrated with DNA origami supported liposomes;59 the
achievement of pure DNA origami nanodisc scaffolds will
require both the right design (in terms of hydrophobic
modification type and arrangement) and an appropriate
experimental lipidation protocol.
It is often thought that hydrophobic DNA modifications that

are more lipid-like, or longer, give better bilayer binding
properties or more stable DNA−lipid constructs without regard
to other variables. Scaffolds from the experimental study18 that
we reproduce here in simulation have been cited as evidence for
this,60 with decyl being quoted as giving higher yields than ethyl
groups. For a fixed charge density, longer hydrophobic
modifications will likely increase construct stability, but the
reported18 scaffolds are not evidence for this, as ethylated
scaffolds had half the modification density of decylated scaffolds
and were thus incomparable. Our current study should motivate
scaffold designers to deemphasize modification size per se and
think more in terms of total hydrophobic content and remnant
charge density on a modified scaffold. Our main evidence is that
for two scaffold sizes, ethylated scaffolds with lower total
hydrophobic content than comparable decylated scaffolds (15%
lower for 11 nm and 8% lower for 15 nm), CG MD bilayer
properties were significantly better, and for 11 nm discs, SMD
bilayer stability was significantly higher. Furthermore, bilayer
properties for 11 nm fully ethylated DNA-scaffolded nanodiscs
were even better than that of equivalently sized protein
nanodiscs. Based on previously believed heuristics (e.g., longer
hydrophobic modifications yield better lipid binding), the fully
ethylated scaffolds should have performed worse than the
selectively decylated scaffolds, and yet full charge neutralization

resulted in better performance. In general, with respect to
synthesizability and handling, an increased total hydrophobic
content tends to decrease yield, decrease solubility, and increase
aggregation. Thus, for a fixed budget of total hydrophobic
content, we propose that scaffold designers are better off using
many smaller, less lipid-like modifications, which provide better
charge neutralization. For a fixed hydrophobic content,
increased charge neutralization of DNA scaffolds may itself
come at the cost of more difficult handling, but this must be
better explored.
When drawing conclusions from Martini CG models, one

should keep their limitations in mind.61 For example, Martini
DNA models currently use an extensive elastic bond network to
keep the double-helical structure intact. This adds some rigidity
to themodels, whichmay or may not alter their interactions with
lipids. Though computationally expensive, all-atomMD is more
precise and can simultaneously capture a wider variety of
phenomena than can CG MD. For example, Yoo and
Aksimentiev62 used all-atom MD to simultaneously study ion
conductance through a lipid membrane spanning DNA channel
and observe DNA structural fluctuations. Hybrid CG and all-
atom approaches can provide the best of both worlds: CG MD
can be run quickly to equilibrium, and the resulting
configurations can provide starting points for much slower but
more accurate all-atom simulations. As we have previously used
for DNA nanopores,39 such hybrid approaches could be applied
to our nanodisc models, so that DNA, lipid, and ion interactions
could be captured more precisely, all at once.
Our work provides insights that may help design and

construct nanodiscs that are both stable and behave similarly
to bulk bilayers. While these properties may be necessary to
achieve native protein behavior in nanodiscs, they may not be
sufficient. Thus, an important avenue for future work is to
simulate systems in which guest proteins are placed within
nanodiscs of various sizes, filled with mixtures of lipids having
compositions more similar to those found in biological
membranes. Further, with the goal of creating the best possible
membrane model in mind, we observe that natural biological
membranes are highly asymmetric, with respect to both protein
orientation and lipid composition between the two leaflets of a
bilayer; control of such asymmetries in nanodiscs has yet to be
achieved. DNA scaffolds, in particular, offer an exciting
opportunity to control and study the effects of such
asymmetries: tether length (e.g., a DNA linker) and scaffold
geometry should be able to control protein orientation, and the
distribution of hydrophobic modification types (e.g., adding
cholesterols on one face of a DNA ring and ethyls on the other or
strategically leaving some inward-facing DNA phosphates
charged) should affect the equilibrium distribution of lipid
types between the bilayer leaflets. The dynamics of lipid
exchange will also be accessible: DNA-catalyzed flipping of lipids
from one leaflet to another has been observed viaMD, and this
phenomena has been exploited to create DNA enzymes that
catalyze lipid flipping in liposomes in the lab.63,64 Should such
DNA flippases prove insufficient, others have proposed65 the use
of tethered protein flippases or methyl-β-cyclodextrins66 to
create bilayer asymmetry. Looking forward, we anticipate that
CG MD of symmetry-broken nanodiscs will play an important
role in our understanding of asymmetric lipid bilayers.

METHODS
Modeling. First we built all-atom DNA ring scaffolds using Nucleic

Acid Builder,67 and the all-atom protein scaffold (cNW11) was
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obtained from CHARMM-GUI builder.31 From all-atom models, we
generated CG models using martinize.py68 for proteins and stiff
martinize-dna.py69 for dsDNA. Further hydrophobic modifications on
DNA scaffolds were done using our own custom PERL scripts. Details,
including CG circNW11 and CG DNA−protein hybrid scaffold model
building, are described in the Supplementary Methods.
MD Simulations. In most cases POPC lipids, in the form of a

bilayer lattice, were inserted inside the scaffold rings using the
insane.py43 script. For two cases, dec_select-DNA15[DLPC] and et_all-
DNA15[DLPC], we inserted DLPC lipids (MARTINI’s closest
equivalent to DMPC lipids). The hydrophobic belt of the scaffold
ring was centered along the acyl lipid tails. Lipids outside the ring were
removed using our own PERL scripts, and the number of lipids within
the ring was calculated based on the surface area of the ring (innermost
diameter) and the area per lipid (APL). For POPC we used an APL of
0.683 nm2 and for DLPC we used 0.641 nm2; these are the same values
used by CHARMM-GUI builder.31 For the pure POPC bulk bilayer, we
generated the initial membrane configuration (20 × 20 nm2 patch)
using insane.py.43 For 11 nm scaffolds, the internal diameters are almost
the same, which thus allowed us to keep the number of lipids per
nanodisc constant. We also did this for unbiased SMD force profile
calculations; that is, the “hydrophobic content” of the lipid patch
remains the same, but different types of scaffolds are pulled away. In all
cases, CG water particles and CG Na+ and Cl− ions (at a concentration
of 0.15 M) were added using utilities in GROMACS v2019.4.70,71

Depending on nanodisc size, the final dimensions of the simulation
boxes were as follows: ca. 16× 16× 16 nm3 in 11 nm nanodiscs, ca. 20×
20 × 20 nm3 in 15 nm nanodiscs, ca. 65 × 65 × 65 nm3 for et_all-
DNA45, ca. 74× 74× 74 nm3 for et_all-hexDNA45, and ca. 80× 80× 80
nm3 for hexDNA:NW11 and hexDNA::NW11. The box size for the
POPC bulk bilayer was ca. 20 × 20 × 10 nm3.
CG simulations based on MARTINI DNA,69 protein,68 and lipid43

force fields were run on GPUs using GROMACS v2019.470,71 (www.
gromacs.org). Starting configurations were subjected to steepest-
descent energy minimization to remove close contacts. After this, in the
et_all-hexDNA45 case for 100 ps, with a small time step of 1 fs, we
applied position restraints with force constant of 104 kJ mol−1 nm−2 to
DNA and lipid phosphate head groups. In hexDNA::NW11, positional
restraints on the protein backbone and lipid head groups were removed
slowly from 1000, 500, 250, 100, and 10 kJ mol−1 nm−2 over 25 ns (each
positional restraint applied for 5 ns). Later, in all the cases, the system
was equilibrated for 10 ns with a 20 fs time step without any position
restraints. The Berendsen barostat72 with a coupling constant of 3 ps
was used to control isotropic pressure at 1 bar for the nanodiscs. For
pure POPC bulk bilayers, semi-isotropic pressure control was used. A
temperature of 300 K was maintained using a velocity rescale
thermostat73 with a 2 ps coupling constant. For different repeats of
MD simulations, random seeds were provided at this step for generating
velocities. We used the standard set of parameters recommended with
the MARTINI force field.74 The cutoff for van der Waals and
Coulombic interactions was set to 1.1 nm and with the potential-
modifier implemented in GROMACS it was shifted to zero. After every
10 steps, the Verlet75 neighbor list was updated. Final production runs
were simulated up to 1 μs. For nanodisc production runs, an isotropic
pressure of 1 bar was maintained using a Parrinello−Rahman barostat76

with a 12 ps coupling constant and a velocity rescale thermostat73 with a
1 ps coupling constant used for maintaining the temperature at 300 K.
The rest of the parameters remained the same, and semi-isotropic
pressure control was used for pure POPC bilayer production runs.
For hexDNA:NW11 (with only two harmonic connections with the

DNA scaffold) we obtained the initial configuration from the
production run of hexDNA::NW11 at the 0.5 μs time step. Then,
keeping only two harmonic bonds out of the four in hexDNA::NW11, at
the opposite ends, the system was run further for 0.5 μs using
production run parameters described above.
Additional SMD simulation details are provided in the Supple-

mentary Methods.
Analyses. In-house PERL scripts and GROMACS v2019.4 utilities

were used for the analyses. Plots were created using gnuplot (www.
gnuplot.info) and matplotlib.77 Snapshot images were rendered with

VMD.78 Analyses were performed on the last 0.4 μs of the equilibrated
trajectory, sampled every 100 ps, and averaged over the repeats.
Membrane thickness and order parameter calculations are described in
Supplementary Methods.
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